Large bottlebrush complexes formed from the polysaccharide hyaluronan (HA) and the proteoglycan aggrecan contribute to cartilage compression resistance and are necessary for healthy joint function. A variety of mechanical forces act on these complexes in the cartilage extracellular matrix, motivating the need for a quantitative description of their structure and mechanical response. Studies using electron microscopy have imaged the HA-aggrecan brush but require adsorption to a surface, dramatically altering the complex from its native conformation. We use magnetic tweezers force spectroscopy to measure changes in extension and mechanical response of an HA chain as aggrecan monomers bind and form a bottlebrush. This technique directly measures changes undergone by a single complex with time and under varying solution conditions. Upon addition of aggrecan, we find a large swelling effect manifests when the HA chain is under little to no tension (stretching forces less than 1 pN). Theory of polymer brushes and models of side-chain-induced internal tension show our data are consistent with a polydisperse aggrecan population, attributable to varying degrees of glycosylation. Our results provide a mechanistic picture of how flexibility and size of HA and aggrecan lead to the brush architecture and mechanical properties of this important component of cartilage.
Introduction
Large bottlebrush complexes formed from the polysaccharide hyaluronan (HA) and the proteoglycan aggrecan constitute a major component of cartilage (1) . HA is a long (∼1-10 MDa, or ∼2-20 µm), linear polyelectrolyte (1 e/nm) with a persistence length of around 5 nm (2) . In the cartilage extracellular matrix, HA is secreted by chondrocytes and anchored to the cell surface by the receptor CD44 (3) . Each of these HA chains is complexed with many non-covalently bound aggrecans to form a large macromolecular "bottlebrush" that is known to be a major contributor to cartilage compression resistance (4) . Each aggrecan monomer is itself a bottlebrush, consisting of a ∼250 kDa protein core heavily glycosylated by glycosaminoglycan sidechains (4) . The core protein includes three globular domains: two at the N-terminus (G1 and G2) and one at the C-terminus (G3). G1 is the HA-binding domain. In between G2 and G3 is an extended domain decorated by ∼100 chondroitin sulfate (CS) chains (1) . The high charge and large size of aggrecan result primarily from this CS-rich domain. This structure-defining domain accrues damage with age and disease, showing a reduction in the number and size of CS side-chains (5) (6) (7) (8) .
Previous studies have used EM and AFM imaging to visualize the structure of individual aggrecans and aggrecan-HA complexes (9) (10) (11) (12) (13) . These studies have provided estimates of the length and diameter of aggrecan, as well as the density of bound aggrecans on an HA. However, imaging requires adsorption to a surface which significantly distorts the conformation of the complex. In order to learn about the solution structure of the complex, including the conformation adopted by the central HA chain, it is necessary to probe structure of individual complexes by a method that does not artificially confine the aggregates to 2D. To this end, others have used single-molecule force spectroscopy (SMFS) to measure properties of the complexes, such as inter-aggrecan interactions (14, 15) . AFM and laser tweezers SMFS, which apply relatively large forces, have also been used to test the strength of the bond connecting aggrecan and HA (16) (17) (18) (19) . Liu et. al. used laser tweezers to probe moderate-force tensile behavior (∼10-40 pN) and compressibility of single HA-aggrecan complexes (20, 21) .
To our knowledge, no prior work has conducted low-force tensile testing on single aggregates with subpiconewton resolution, despite this being the biologically relevant force range. Forces on HA in the glycocalyx are estimated to be in the range of ∼1-10 pN (22) (23) (24) . We aim to track aggrecan binding based on length changes undergone by HA, and quantify structure of the complex based on its response to forces in this relevant range. To do this, we use magnetic tweezers force spectroscopy. Prior work has shown that magnetic tweezers are particularly useful for quantifying structural changes that manifest at low forces, such as intra-chain electrostatic repulsion (25) . The technique has also succeeded in measuring the density of side chains in a polymer bottlebrush (26) .
By applying these tools and techniques to study the formation and properties of the HAaggrecan bottlebrush complex, we arrive at a novel physical description of this important component of cartilage. We observe that binding of aggrecan swells the HA chain relative to its relaxed solution conformation. As such, we can observe in real time the assembly of the complexes by tracking the increase in chain extension. We find that the changes in mechanical behavior undergone by the aggrecan-saturated chain are well-described by a mean-field internal tension of around 0.4 pN. We use a physical theory of bottlebrush physics to show that the spread in the data is consistent with variability in degree of glycosylation of the bound aggrecans.
Materials and Methods
Hyaluronic acid (2.5 MDa), chemically functionalized to allow tethering to two surfaces was purchased from Creative PEGworks. Each HA chain has a biotin group at the reducing end, and randomly situated thiol groups with a stoichiometry of one thiol per chain. Microfluidic sample chambers were constructed using maleimide-functionalized PEG-grafted glass coverslips purchased from Microsurfaces, Inc. HA chains were attached to the surface via reaction of the thiol groups with the maleimide, carried out in 50 mM sodium phosphate buffer (pH 7.2), 50 mM NaCl, 0.03% Tween-20, and 100 mM TCEP. After attachment, excess polymer was removed by rinsing with 10 mM MOPS buffer. Streptavidin-coated magnetic beads, 1 um in diameter (MyOne C1 paramagnetic beads, Invitrogen) were attached to the biotin-labelled chain ends. Aggrecan (≥2.5 MDa, purified from bovine articular cartilage) was purchased from Sigma-Aldrich. It was centrifuged to remove large aggregates, and small contaminants were removed by filtration with a 100 kDa spin column. The efficacy of these steps was confirmed using Dynamic Light Scattering (Malvern Zetasizer Nano ZS) and by SDS-PAGE. Recombinant aggrecan G1-IGD-G2 (with 10-His tag) was purchased from Biolegend. Experiments were conducted in 100 mM NaCl, 1-10 mM MOPS (pH 7), and 0.03% Tween-20.
Experiments were conducted using a custom-built magnetic tweezers instrument, as described in detail elsewhere (27) .
Prior work has established that the number of aggrecans bound to HA depends on aggrecan solution concentration (28) . To ensure that our experiments took place in a regime where the HA chain was saturated with bound aggrecans, we used an aggrecan concentration of 2 mg/mL, reportedly close to the overlap concentration (29) . For experiments using the G1-IGD-G2 fragment, the protein was dissolved at ∼0.8 µM, approximately equivalent to 2 mg/mL aggrecan in molar concentration.
Results and Discussion
Our magnetic tweezers data clearly show that aggrecan expands the HA chain upon binding ( Fig. 1 ). When the chain is minimally stretched, we can track the progress of aggrecan binding by monitoring the chain extent. As can be seen in Fig. 1A , the length change saturates after about 15 minutes after addition of 2 mg/mL aggrecan, indicating the system has equilibrated. Relative to the mechanical behavior measured before the addition of aggrecan, it is obvious that the ligand-binding dramatically alters the low-force response (see example data in Fig. 1B) .
Repeated experiments on 10 HA tethers, with and without aggrecan, all show similar elasticity changes. Bare HA is known to behave as a swollen random coil (30) . This is confirmed here from the slopes of aggrecan-free force-extension data which show a 2/3 power law at low force, consistent with the expected "Pincus blob" regime for swollen chains (31) . With the addition of aggrecan (2 mg/mL), all tethers are additionally swollen at low force; this is reflected by the shallower slopes ( Fig. 2A) .
We further describe the elasticity changes using a fluctuation-based estimate of the effective power law exponent γ; this method is advantageous as it does not require fitting to forceextension curves and is independent of the measured polymer extension. As explained elsewhere, it follows from the fluctuation-dissipation theorem that γ can be written as the ratio of extensional and lateral fluctuations of the chain, γ = L 2 X 2 (32) . Without aggrecan, and in agreement with force-extension slopes, we observe that γ plateaus to a value near 2/3 for forces below ∼0.5 pN (black data in Fig. 2B ). The Pincus regime persists below a crossover force f c ∼ k B T /b where b is the chain Kuhn length and k B T is thermal energy (32) ; thus f c ∼ 0.5 pN is consistent with b ≈ 10 nm, as expected for HA. With aggrecan-decorated HA, there is no sign of a low-force plateau (red data in Fig. 2B ), pointing to dramatic stiffening which has shifted the transition to a force too low to access. The observed low-force elasticity change is consistent with long length-scale structural effects: swelling due to repulsion between the side chains, as expected from the charged brush structure of the aggrecan monomers (33). Figure 1 : A. HA extension while aggrecan binds (gray: all points; black: moving average). The data are fit by an exponential with a characteristic time-scale of 244 ± 2 seconds. (white dashed line). B. Example force-extension data on a single HA tether before (black squares) and after (red x's) adding 2 mg/mL aggrecan. Curves are fits to equation 1, with L C = 3573±14 nm, l p = 7.4±0.4 nm, and f int = 0.40 ± 0.03 pN. f int has been fixed to 0 for the fit to the bare HA data. Errors are 95% confidence intervals. We quantify the low-force swelling using an internal tension model (25) , in which the long length-scale stiffening (caused in this case by the bottlebrush architecture) is described by a mean-field internal tension f int , which acts in addition to the applied force f to straighten the polymer. This additional term is incorporated into the Marko-Siggia wormlike chain (WLC) model (34) . This gives:
where l p is the intrinsic HA persistence length, L is the chain extension, and L C is the contour length. Eq. 1 is used to fit force-extension data, with L C and l p fit globally for pairs of curves on the same molecule. f int is fixed to zero for the bare HA force-extension data. An example is shown in Fig. 1B , which has L C = 3573 ± 14 nm, l p = 7.4 ± 0.4 nm, and f int = 0.40 ± 0.03 pN. We repeated such analysis on each of the ten tethers, measuring force-extension curves before and after the addition of 2 mg/mL aggrecan, and extracting f int as a fit parameter. The average was 0.35 ± 0.21 pN (standard deviation). The spread in f int reflects variability in the response of the aggrecan-decorated chains, demonstrated by the scatter of the red points in Fig. 2A . We hypothesize that this variability arises due to differences in glycosylation of the aggrecan sample, which originated from biological tissue (6, 35, 36) .
Using established polymer bottlebrush theory, we find the data are consistent with an aggrecan population of varying degrees of glycosylation. Following the logic of Berezney et. al. 
where α is a prefactor that we take to be 1, b is the statistical segment length of aggrecan, n is the number of statistical segments per aggrecan, τ describes solvent quality and is 1 in good solvent, and d is the distance between bound aggrecans. Estimates of d range from 12-40 nm (11, 12) ; we choose an intermediate value of 20 nm. We assume that deglycosylation will manifest as changes to Kuhn length b. For bottlebrushes, Kuhn length typically scales with diameter (38) . Thus for fully glycosylated aggrecan, we will approximate b ≈ 50 nm, roughly the diameter of the cylindrical proteoglycan (12). In the opposite limit of complete deglycosylation, we choose the smallest value that the Kuhn length could reasonably adopt. Neglecting any structure of the core protein itself, we estimate the lower limit of b as 1.6 nm, twice the persistence length of an unfolded polypeptide (39) . Putting these parameters into Eq.
2 gives that f int should vary between 0.26 and 0.61 pN. Combining these values with the WLC model (Eq. 1) allows us to estimate an envelope for the force-extension curves. Fig. 2A shows that the aggrecan-HA elasticity data mostly fall between these limits.
Prior work has shown that some HA binding proteins, such as the proteoglycan versican G1, bind cooperatively and may induce higher-order helical structure in HA (40) . Such a structure would affect the HA chain on relatively short length-scales, and would be measured as a decrease in extension under relatively high tension. It is known that the aggrecan G1 domain binds to 5 disaccharide units (41) ; approximately equal to the bare HA persistence length. Bends on this length scale would likely manifest as a decrease in the fit persistence length (42) .
We see no evidence that aggrecan binding alters the short length-scale structure of HA by inducing bends or helical superstructure. At sufficiently high force (greater than about 1 pN, probing structural features smaller than l p ) we see no difference between force-extension curves with and without aggrecan (example: Fig. 1B ). Further, in agreement with Liu et. al. 2004 (18) , we do not find a statistically significant difference in fit HA persistence length with and Figure 2 : A. Thin red lines show force-extension curves on 10 HA tethers with 2 mg/mL aggrecan. Extensions are normalized by multiplicative adjustment, with factors determined by comparing each curve to the median of the ten, and minimizing the sum of squared residuals in length for forces between 3 and 10 pN. A solid black line shows the median of the same 10 tethers in aggrecanfree conditions. Thick dashed red lines are predictions from the WLC-internal tension model for high-and low-tension cases, corresponding to fully glycosylated (upper curve) and deglycosylated (lower curve) aggrecan. B. Fluctuation-based estimate of effective exponent γ shows, in agreement with slopes of force-extension data, a low-force plateau around 2/3 for aggrecan-free tethers. For HA swollen by aggrecan, the effective exponent is much lower. without aggrecan, when swelling is accounted for by an internal tension (bare HA: l p = 6.6 ± 1.4 nm; with aggrecan: l p = 6.1 ± 2.0 nm, N = 10).
To confirm, we performed experiments using an HA-binding aggrecan fragment, G1-IGD-G2, which lacks the large, CS-rich region that constitutes most of aggrecan's size and charge, and is responsible for the large degree of swelling. Over the range of forces which probe short lengthscale structure, there is no discernible difference in the response with and without G1-IGD-G2, as shown in example data, Fig. 3 . At low forces, there is a slight decrease in length relative to the bare HA chain; this speaks to changes in the long length-scale chain structure, and is likely due to the positively-charged binding proteins modifying the long-range electrostatics of the system. These results are in agreement with others who have found that unlike versican G1, aggrecan G1 does not bind cooperatively, does not pack tightly on HA, and does not effect the same superstructures (43).
Conclusion
In this paper, we establish low-force stretching as a useful technique to detect and study proteoglycan binding to HA. It is sensitive enough to observe length changes associated with binding: both low-force swelling and high-force shortening, should it occur. Here, we have used the technique to show that inside the HA-aggrecan bottlebrush complex, the central HA chain is very Figure 3 : Example force-extension curve on a single HA tether before (black squares) and after (green crosses) adding ≈ 0.8µM recombinant aggrecan G1-IGD-G2 fragment. extended relative to its native solution conformation.
The aggrecan-induced swelling is clear from binding curves (Fig. 1A) , force-extension curves (Fig. 1B) , and a fluctuation-based elasticity metric (Fig. 2B) . The data are well-described by a model wherein the repulsion between bound aggrecans generates an internal tension force. Combining this model with theory of polymer brushes and previously-measured physical parameters for aggrecan, we find that the data are bounded by the expected limits for fully glycosylated and deglycosylated aggrecan. This result is relevant to aggrecan in biology, as the degree of glycosylation is affected by age and tissue damage. The application of internal tension and polymer brush models to describe the HA-aggrecan complex is novel, and could be extended to similar systems to predict the expansion force exerted by other proteoglycans, such as versican and brevican.
